We have previously demonstrated that the double bond of petroselinic acid ( 18:1Akis) in coriander (Coriandrum safivum L.) seed results from the activity of a 36-kD desaturase that is structurally related to the Ag-stearoyl-acyl carrier protein (ACP) desaturase (E.B. Cahoon, J. Shanklin, J.B. Ohlrogge [1992] Proc Natl Acad Sci USA 89: 11 184-1 1188). To further characterize the biosynthetic pathway of this unusual fatty acid, 14C-labeling experiments were conducted using developing endosperm of coriander. Studies were also performed using suspension cultures of transgenic tobacco (Nicotiana tabacum L.) that express the coriander 36-kD desaturase, and as a result produce petroselinic acid and A4-hexadecenoic acid. When supplied exogenously to coriander endosperm slices, [I -14C]palmitic acid and stearic acid were incorporated into glycerolipids but were not converted to petroselinic acid. This suggested that petroselinic acid is not formed by the desaturation of a fatty acid bound to a glycerolipid or by reactions involving acyl-coenzyme As (COA). Instead, evidence was most consistent with an acyl-ACP route of petroselinic acid synthesis. For example, the exogenous feeding of [l-'4C]lauric acid and myristic acid to coriander endosperm slices resulted in the incorporation of the radiolabels into long-chain fatty acids, including primarily petroselinic acid, presumably through acyl-ACP-associated reactions. In addition, using an in vitro fatty acid biosynthetic system, homogenates of coriander endosperm incorporated [2-'4C]malonyl-CoA into petroselinic acid, of which a portion was detected in a putative acyl-ACP fraction. Furthermore, analysis of transgenic tobacco suspension cultures expressing the coriander 36-kD desaturase revealed significant amounts of petroselinic acid and A4-hexadecenoic acid in the acyl-ACP pool of these cells. Also presented is evidence derived from [U-'4C]nonanoic acid labeling of coriander endosperm, which demonstrates that the coriander 36-kD desaturase positions double bonds relative to the carboxyl end of acyl-ACP substrates. l h e data obtained in these studies are rationalized in terms of a biosynthetic pathway of petroselinic acid involving the A4 desaturation of palmitoyl-ACP by the 36-kD desaturase followed by two-carbon elongation of the resulting A4-hexadecenoyl-ACP.
content of the unusual monounsaturated fatty acid petroselinic acid (18:1A6"") (Kleiman and Spencer, 1982) . Prior to a recent report from this laboratory (Cahoon et al., 1992) , little was known of the biosynthetic origin of the &A6 double bond of this fatty acid. Such information is of possible biochemical and biotechnological significance. Because petroselinic acid is the likely product of a previously uncharacterized desaturase (Cahoon et al., 1992) , data regarding its synthesis may contribute to an understanding of fatty acid desaturation mechanisms in plants. In addition, petroselinic acid can be used as a chemical precursor of the industrially valuable compounds lauric acid (12:O) and adipic acid (6:O dicarboxylic) and is therefore a potential target for oilseed modification research (Murphy, 1992) . Double bonds of plant fatty acids may result from enzymic activity involving severa1 different substrate types. The most common desaturation mechanism in plants involves the insertion of double bonds into acyl moieties esterified to glycerolipids. Examples of this include the desaturation of oleic acid to linoleic acid on PC (Gurr et al., 1969; Slack et al., 1978; Stymne and Appelqvist, 1978) and the desaturation of palmitic acid to transa3-hexadecenoic acid on phosphatidylglycerol (Bartels et al., 1967) . In addition, fatty acid unsaturation may arise from reactions that use saturated acyl chains bound to ACP. The primary example of such a pathway is the desaturation of stearoyl-ACP to oleoyl-ACP through the activity of the A'-stearoyl-ACP desaturase (Nagai and Bloch, 1968; Jaworski and Stumpf, 1974) . Acyl-COA esters may also serve as substrates for fatty acid desaturases. Although such reactions have yet to be conclusively demonstrated in higher plants, the desaturation of eicosanoyl-COA is the proposed biosynthetic route of A5-eicosenoic acid in seeds of meadowfoam (Limanthes alba) (Pollard and Stumpf, 1980; Moreau et al., 1981) . Finally, Shibahara et al. (1990) have proposed a mechanism in pulp of kaki (Diospyros kaki) in which the double bonds of oleic acid and cis-vaccenic acid can be enzymically shifted between the A' and Al1 positions.
Plant Physiol. Vol. 104, 1994 With regard to the biosynthesis of petroselinic acid, we have previously identified a 36-kD peptide in Umbelliferae endosperm that displays immunological cross-reactivity with antibodies against the A'-stearoyl-ACP desaturase of avocado (Cahoon et al., 1992) . This polypeptide is absent in tissues that do not synthesize petroselinic acid, including leaves and roots of coriander (Coriandrum sativum L.), an Umbelliferae species. In addition, expression of a coriander endosperm cDNA for the 36-kD peptide in tobacco (Nicotiana tabacum L.) resulted in the production of petroselinic acid and A4-hexadecenoic acid (1 6: 1 A4) in transgenic callus. Furthermore, translation of the coriander cDNA indicated that the 36-kD peptide is synthesized with a plastid transit peptide and, in its mature form, possesses 70% amino acid identity with the A9-stearoyl-ACP desaturase of castor. These results lead us to propose that petroselinic acid is the product of an acyl-ACP desaturase that is related to the A'-stearoyl-ACP desaturase (Cahoon et al., 1992) . However, expression of the 36-kD desaturase in Escherichia cozi resulted in the recovery of nearly a11 of the recombinant protein as an insoluble aggregate. Upon urea solubilization, this protein possessed no detectable in vitro desaturase activity with saturated c 1 4 , C16, and Cls acyl-ACPs. Therefore, we were unable to prove directly that the 36-kD peptide of coriander endosperm is an acyl-ACP desaturase rather than, for example, an acyl-COA desaturase. The chain length of the fatty acid substrate of the 36-kD desaturase was also not determined. In this communication, results are presented from a variety of ''C-labeling studies using endosperm of coriander and suspension cells of transgenic tobacco that express the cDNA for the coriander 36-kD desaturase. These results demonstrate the involvement of an acyl-ACP desaturation pathway in the synthesis of petroselinic acid. Also presented are details of the double bond positioning properties of the coriander 36-kD desaturase and a proposed biosynthetic pathway for petroselinic acid.
MATERIALS AND METHODS

Plant Material
Experiments were conducted using either endosperm or endosperm homogenates obtained from developing seeds of coriander (Coriandrum sativum L.). Plants were grown and mericarps were harvested as described (Cahoon and Ohlrogge, 1994) . Studies were also performed with suspension cells derived from calli of tobacco (Nicotiana tabacum L.) transformed with a cDNA for the 36-kD (or type 11) desaturase of coriander endosperm as previously described (Cahoon et al., 1992) . The coriander cDNA was inserted behind the cauliflower mosaic virus 355 promoter in the plant expression vector pBI121 (Clontech, Palo Alto, CA). Transgenic and wild-type suspension cells were maintained in liquid medium (Linsmaier and Skoog, 1965) with constant shaking at 100 rpm at 28OC. The medium of transgenic cells also contained kanamycin (100 mg/L) and carbenicillin (250 mg/L).
Labeling of Coriander Endosperm Slices with 1 -14C-Fatty Acids
Transverse slices (approximately 1-2 mm thickness) of coriander endosperm (40-100 mg fresh weight) were incubated in loosely capped 13 X 100 mm tubes contaiiing 3 pCi of i:he ammonium salts of [l-14C] (pH 7.2) . Labeling stullies were also performed using 1 pCi of [U-14C]nonanoic acitl (9:O) that was synthesized as described below. Sample tubes we:re rotated at 100 rpm and maintained. at room teniperakue. Endosperm slices were incubated in 1.auric acid antl myri!;tic acid for 3.5 h, palmitic acid, oleic acid, and noiianoic acid for 6 h, and stearic acid for 10 h. At each time point label was removed and endosperm was washed twice with ice-cold water. Lipids were then extracted as described for radiolabeling studies reported in the accompanying paper (Cahoon and Ohlrogge, 1994) . To assess the ability of endosperm to !;ynthesize petroselinic acid after extended labeling periods such as that used in the stearic acid feeding experime.nt, coriander endosperm slices were preincubated for 8.5 h ir1 50 m d Mes, pH 5.0. At the end of this period, endosperm slices were supplied with 3 pCi of [1-l4C]acetate and incubated for an additional 1.5 h, at which time the iissue was hornogenized and lipids were extracted as describcd above.
Ellongation and/or desaturation of the labeled f'atty acids waj detenmined by a combination of argentation and reversephase TLC of fatty acid methyl esters prepared from recovered lipids. Extracted glycerolipids were transesterified by inciibation for 45 min at room temperature in 1.5 mL of 0.5 M sodium methoxide in methanol supplemented with 20% (v/v) toluene. At the end of this period, 1.5 mL cif 125 m sulfuric acid was added and fatty acid methyl e.; ters were extracted three times with 3 mL of hexane. Fatty acid methyl esters were subsequently separated by 15% argentation TLC with development in toluene at -2OOC as describird (Morris et al., 1967; Cahoon and Ohlrogge, 1994) . To further charactcrrize the distribution of radioactivity in fatty acid methyl estors, labseled bands on argentation TLC plates were eluted froin scrapings using hexane:ethyl ether (2:1, v/v). The recovered fatty acid methyl esters were further resolved by reverse-phase TLC using KC18 (200-pm layer) plates (Whatman, Maildstone, England) developed sequentially to 75 and lOCI% of their length (20 cm) in acetonitri1e:methimol:water (65:35:0.5, v/v) . In addition, to characterize the distribution of label in molecules, monounsaturated products Iof [1-14C]-lauric acid and myristic acid that co-migrated with petroselinic acid were cleaved by permanganate-periodate oxidation (Christie, 1982) . Chain lengths of oxidation products were detennined using reverse-phase TLC as described a.bove. This method was also used to determine double bond pxitions of monounsaturated products of [U-14C]nonanoic acid. In this cax, oxiclation products were analyzed by reverse-phase TLC using a solvent system of acetonitri1e:methmol:water (75:25:0.5, v/v) . Radiolabeled fatty acid methyl esters and oxidation products were visualized by autoradiogaphy of TLC plates, and radioactivity was quantified by liquid scintillation counting of TLC scrapings in a nonaqueou$; complete coc ktail.
In Vitro Synthesis of Petroselinic Acid from [2-'4C]Malonyl-CoA
The synthesis of petroselinic acid from [2-'4C]malonyl-CoA was studied using crude homogenates of endosperm dissected from the pericarp and seed coat of coriander mericarps. In these experiments, the highest activity was obtained from endosperm at latter stages of mid-development (22-24 DAF under our growth conditions), and a11 assays were performed using freshly collected plant material. Endosperm was ground with a glass Elvehjem homogenizer in an ice-cold buffer composed of 100 mM Tris-HC1, pH 7.5, 1 mM NazEDTA, 2.5 mM DTT, 1 mM MgClZ, 1 mM KCl, 1 mM isoascorbate, and 0.1% (w/v) BSA (fraction V, Sigma). The homogenate was passed through two layers of Miracloth (Calbiochem). The approximate protein concentration of homogenates was 7.5 mg/mL as estimated using the method of Bradford (1976) and a BSA standard. [2-'4C]Malonyl-CoA was either purchased (55 mCi/mmol, Amersham) or chemically synthesized from [2-14C]malonate (56 mCi/mmol, American Radiolabeled Chemicals) using the method of Rutkowski and Jaworski (1978) but without dilution of specific activity.
Reactions were performed in 13 X 100 mm glass screwcap test tubes. Typical reaction mixtures consisted of 5 pL of 100 mM ascorbate, 7.5 pL of 25 m~ NADPH, 5 pL of 50 m~ NADH (NADPH and NADH were freshly prepared in 100 mM Tricine, pH &O), 1 pL of catalase (800,000 units/mL), 7.5 pL of 1 mg/mL recombinant spinach ACP-I, 5 FL of 100 mM ATP, 80 pL of 100 mM Pipes (pH 6.0), 34 pL of water, and endosperm homogenate (200-300 pg of protein). The reaction mixture was brought to a total volume of 245 pL with tissue homogenization buffer. Reactions were started with the addition of 2.4 to 3.1 nmol of [2-'4C]malonyl-CoA (275,000-350,000 dpm) in a 5-pL volume. This assay was based in part on McKeon and Stumpf's description (1981) for measurement of A9-stearoyl-ACP desaturase activity. Upon addition of the radiolabeled malonyl-COA, the loosely capped reaction tubes were rotated at 100 rpm and maintained at 25OC. At time points of 7 or 20 min, 40 pL of glacial acetic acid and 4.5 mL of acetone were added to each tube and the contents were dried under Nz. The reaction products were subsequently methyl esterified by heating in 10% (w/v) boron trichloride/ methanol (Alltech) at 9OoC for 35 min. Fatty acid methyl esters were then analyzed by argentation TLC as described above. To confirm the identity of [14C]methyl petroselinic acid, this fatty acid was recovered from argentation TLC plates and subsequently analyzed by reverse-phase TLC as either an intact moiety or as products of permanganateperiodate oxidation using methods described above.
The 01 dependence of [2-'4C]malonyl-CoA incorporation into petroselinic acid was assessed using the assay conditions described above except that reaction tubes were purged with NZ prior to and after addition of the radiolabeled substrate. In addition, tubes were completely sealed for the duration of the incubation period. The Fd requirement of petroselinic acid synthesis from [2-'4C]malonyl-CoA was determined by supplementing assay components described above with 15 p L of 1 mM spinach Fd (Sigma) and 3.1 pL of Fd:NADPH reductase (10 units/mL) (Sigma) in place of a corresponding amount of water. In both experiments, reactions were camed out for 20 min. Assays were stopped and products were analyzed as described above.
As one method of characterizing the radiolabeled products of in vitro reactions, assay mixtures were extracted according to the method of Bligh and Dyer (1959) . At time points of 7 or 20 min after addition of [2-'4C]malonyl-CoA, reactions were stopped with 50 FL of glacial acetic acid and 4 mL of ch1oroform:methanol (l:l, v/v). Two phases were formed with the addition of 1.5 mL of H20. After centrifugation, the lower chloroform layer was removed and the upper aqueousmethanolic phase was extracted twice with 2 mL of hexane:isopropanol (72, v/v) . The hexane extract was pooled with the recovered chloroform layer, and the combined extracts were dried under NZ. Lipids obtained in the organic phase were resolved by silica TLC using sequential developments in polar and nonpolar solvent systems as described (Cahoon and Ohlrogge, 1994) . In addition, the free fatty acid band on TLC plates was scraped into 1.5 mL of boron trichloride/methanol and heated at 9OoC for 15 min. The resulting fatty acid methyl esters were analyzed by argentation TLC as described above. The aqueous-methanolic phase from the Bligh and Dyer extract was saponified as described by Browse and Slack (1985) . The recovered fatty acids were converted to methyl ester derivatives by reaction in 10% (w/v) boron trichloride/methanol and were then analyzed by argentation TLC. Saturated fatty acid methyl esters were purified from argentation TLC plates and further resolved by reverse-phase TLC as described above.
To analyze the acyl-ACP products of in vitro fatty acid biosynthetic assays, a modified version of the method of Mancha et al. (1975) was employed. The procedure used was essentially the same as that described by Roughan and Nishida (1990) except that stopped reactions were extracted three times with 2 mL of 50% isopropanol-saturated petroleum ether prior to ammonium sulfate precipitation of acyl-ACPs, and the precipitated acyl-ACPs were washed three times with 4 mL of ch1oroform:methanol ( 1 2 , v/v). For analysis of acyl-ACPs, reactions were typically camed out for 7 min.
Petroleum ether extracts were dried under NZ and converted to fatty acid methyl esters by reaction in 10% (w/v) boron trichloride/methanol as described above. Fatty acid methyl esters from petroleum ether extracts and from the sodium methoxide transesterified acyl-ACPs were resolved by argentation TLC as described above.
Radioactivity in TLC-separated products of these studies was visualized by autoradiography and quantified as described above.
Metabolism of [l -'4C]Acyl-ACPs and -COAS by Coriander Endosperm Homogenates
The ability of coriander endosperm homogenates to convert saturated [l-'4C]acyl-ACPs and -COAS to petroselinic acid was determined using essentially the same assay conditions and product analysis as described above for studies of malonyl-COA metabolism. In addition, some assays (as described in "Results and Discussion") were supplemented with 10 pL of 1 m~ spinach Fd (Sigma) and 8 pL of Fd:NADPH reductase (Sigma) (10 units/mL) and/or 10 pL of 2 mM malonyl-COA in place of a corresponding volume of water. Plant Physiol. Vol. 104, 1994 Reactions were camed out with 15,000 dpm (6.8 nCi or 117 to 124 pmol) of [l-'4C]acyl-ACP and -COA as described below. To assess the ability of homogenates to synthesize petroselinic acid in vitro, reactions using [2-'4C]malonyl-CoA (2.4-3.1 nmol) as the substrate were conducted in parallel.
Radiolabeled acyl-ACPs were prepared from E. coli ACP and [l-'4C]myristic acid, [l-'4C]palmitic acid, and [1-14C]-stearic acid according to the method of Rock and Garwin (1979) . [1-I4C] Stearoyl-COA was synthesized enzymically as described by Taylor et al. (1989) . [l-'4C]Palmitoyl-CoA (56 mCi/mmol) was purchased from Amersham.
Analysis of the Long/Medium-Chain Acyl-ACP Pool of
Transgenic Tobacco Suspension Cultures
To characterize the composition of long/medium-chain acyl-ACP pools of tobacco suspension cells transformed with the 36-kD coriander desaturase (Cahoon et al., 1992) , 2.5 mL of transgenic and wild-type cultures were incubated with shaking in 25 PCi of [l-14C]acetate (52 mCi/mmol, New England Nuclear) in 13-mL polypropylene screw-cap tubes. (Suspension cells had been subcultured in fresh media 4 d prior to use in these experiments.) After a 12-min labeling period, 100% (w/v) TCA was added to suspension cultures to a final concentration of 5% (w/v). Sample tubes were immediately vortexed and frozen in liquid Nz. After they were thawed on ice, labeled cells were homogenized with a Polytron PT10/35 (Brinkman), and the homogenate was centrifuged at 10,OOOg for 20 min at 5OC. The resulting pellet was washed with 2.5 mL of 1% (w/v) TCA and centrifuged again at 10,OOOg for 20 min. The supematant was discarded and the pellet was centrifuged at 10,OOOg for an additional5 min to remove traces of TCA. Proteins including free and acylated ACPs in the TCA pellet were resuspended in 1.25 mL of 50 m~ Hepes, pH 7.8,containing 10 m~ N-ethylmaleimide. The pH of the resuspended pellet was adjusted as necessary to approximately pH 6.5 with 1 M Tris, pH 9.0, and debris was removed by centrifugation of the sample at 10,OOOg for 10 min.
Proteins in the resuspended TCA pellet were separated on a 13% native polyacrylamide gel containing 1 M urea and blotted to nitrocellulose as previously described (Post-Beitenmiller et al., 1991) . Radiolabeled long/medium-chain acylACPs were identified on westem blots by their mobility equivalent to that of [l-'4C]palmitic acid or myristic acid esterified to a mixture of tobacco ACP isoforms. Radioactivity on westem blots was detected by phosphorimaging. Using this gel system, long/medium-chain acyl-ACPs migrated as essentially one band. Regions of the nitrocellulose containing 14C-long/medium chain acyl-ACPs were cut from westem blots with scissors. Acyl-ACPs on the cut nitrocellulose pieces were subsequently transesterified by reaction for 45 min in 0.5 M sodium methoxide in methanol as described above. Approximately 1.5 mL of sodium methoxide was used per 25 to 30 mg of nitrocellulose. In preliminary studies using this procedure, approximately 80% of [l-'4C]palmitoyl-ACP blotted onto nitrocellulose was recovered as fatty acid methyl esters.
Fatty acid methyl esters derived from the long/mediumchain acyl-ACP pool of wild-type and transgenic tobacco c d s were further analyzed by argentation TLC Samples were loaded onto 15% argentation TLC plates, which were sequentiallly developed to heights of 10, 14, 18, and 20 cm in toliiene a t -2OOC. Radioactivity in separated ,:atty acid methyl esters was detected by phosphorimagin;; of TLC pla tes and mobilities were compared with those of radiolabekd standards. To more completely characterize the identity of 16:1A4 in the acyl-ACP pool of transgenic tobacco calli, the methpl ester derivative of this radiolabeled fatty acid was recovered from argentation TLC plates and aniilyzed by reverse-phase TLC as an intact or permanganate-periodateoxidized rnoiety using methods described above.
Synlthesis of [U-'4C]Nonanoic Acid
[1J-'4C]lVonanoic acid (9:O) was synthesized from the me:hyl ester of [U-'4C]oleic acid (900 mCi/mmol, Vew Englanti Nuclear) for use in radiolabeling studies described abclve. [U-'4C]Oleic acid (a gift from Dr. Edward Eniken, U.S. Department of Agriculture Northem Regional Research Center, Peoria, IL) was converted to a methyl ester derivative usiiig 10% (w/v) boron trichloride in methanol and purified froin contaminating radiolabeled material using argentation TLC. Radiolabeled methyl oleic acid was subsequently converted to [U-'4C]nonanoic acid and methyl azelaic 3cid using permanganate-periodate oxidation as described b y Christie (19'32) . The products were separated by silica TLC using a solvent system of hexane:ethyl ether:acetic acid (60:40:1, v/v). Radiolabeled nonanoic acid, which migrated above meí hyl azelaic acid, was recovered from silica gel iwith three washings of scrapings with 2 mL of ch1oroform:ethyl ethm:methanol (l:l:l, v/v) (Kates, 1972) . The resulting [U-''C]no~ianoic acid was found to be radiochemi 2ally pure by 'meverse-phase TLC analysis.
RESULTS AND DISCUSSION
M e tabolism of Exogenous 14C-Fatty Acids by Coriander Endosperrn Slices
Results of a previous study in this laboratory demonstrated tha,. the double bond of petroselinic acid of Untbelliferae endospernn arises from the activity of a 36-kD peptide that is structurally related to the A'-stearoyl-ACP desaturase (Cahocn et al., 1992) . The identity of the substrate of íhe 36-kD des 3turasc: however, was not determined in that report. Baspd on what is known of the synthesis of other unsaturated fatty acids in plants, the double bond of petroselinic acid most likely results from a reaction(s) involving a saturated acyi chain bound to either (a) a glycerolipid, (b) COA, or (c) AC P. In this regard, kinetics of [l-'4C]acetate radiolabeling of cmarrot and coriander endosperm shown in the accompanyiiig paper (Cahoon and Ohlrogge, 1994) gave no ndication thal petroselinic acid is synthesized via the desaturation of saturated acyl chains esterified to glycerolipids, incliiding PC. As mother method of determining whether a saturated fatty acicl bound to a glycerolipid (or COA) is the precursor of petroselinic acid, the metabolism of l-'4C-long-chain fatty acicls by coriander endosperm was examined. Such studies usirig whole plant tissues and green algae have been previously conducted to demonstrate the in vivo activity of desa-turases that use fatty acids bound to glycerolipids or COA as substrates (e.g. Gurr et al., 1969; Pollard and Stumpf, 1980; Stymne and Stobart, 1986) .
In the present study, incubation of coriander endosperm slices in a buffered solution containing [l-14C]stearic acid for 10 h resulted in the incorporation of radioactivity into a11 major glycerolipid classes including PC, which contained approximately 17% of the incorporated label (data not shown). Despite this, no A6 desaturation of [l-14C]stearic acid to petroselinic acid was detected (Table I) . Thus, these results suggest that the A6 desaturation of stearic acid bound to a glycerolipid is not the biosynthetic route of petroselinic acid. Furthermore, it is generally assumed that fatty acids are incorporated into glycerolipids as COA esters (Roughan and Slack, 1982) . As such, the inability to synthesize petroselinic acid from exogenous stearic acid would suggest the absence of a A6-stearoyl-COA desaturation pathway in coriander endosperm.
As with [l-'4C]stearic acid, radiolabeled palmitic acid was not metabolized to petroselinic acid when it was provided exogenously to slices of coriander endosperm (Table I ). The lack of palmitic acid incorporation into petroselinic acid would suggest that petroselinic acid does not derive from a palmitoyl-COA desaturation/elongation pathway.
In addition to radiolabeled c 1 6 and CIS saturated fatty acids, the metabolism of [l-14C]oleic acid by coriander endosperm slices was examined. In this regard, Shibahara et al. (1990) have provided evidence suggesting that the A9 double bond of oleic acid can be shifted to the A1' position to form cis-vaccenic acid in pulp of kaki. However, when supplied exogenously to coriander endosperm, [ l-'4C]oleic acid was not converted to petroselinic acid (Table I ). As such, it is unlikely that metabolic shifting of the double bond of oleic acid is associated with petroselinic acid formation in coriander endosperm.
To further characterize petroselinic acid biosynthesis, coriander endosperm slices were incubated in buffered solutions containing [l-'4C]lauric acid and myristic acid. Severa1 previous studies have demonstrated that medium-chain fatty acids such as lauric acid and myristic acid can be converted to long-chain derivatives including palmitic acid and oleic acid by green algae and intact tissues of higher plants ( Kannangara et al., 1973; Norman et al., 1985; Norman and St. John, 1986) . These modification reactions presumably occur via acyl-ACP-associated reactions, since this is the principal (if not only) route of c 1 6 and CI8 saturated fatty acid synthesis and A'-stearic acid desaturation in most plants. In contrast to medium-chain fatty acids, exogenously supplied long-chain fatty acids (e.g. palmitic acid and stearic acid) are not readily modified by acyl-ACP-associated reactions by plant tissues (Roughan et al., 1987) . Consistent with an acyl-ACP route of metabolism, radiolabeled lauric acid and myristic acid were converted to a number of long-chain derivatives including palmitic acid and oleic acid by coriander endosperm (Table  I ). However, the major elongation product of both [1-I4C]-lauric acid and myristic acid was petroselinic acid, which accounted for approximately 60% of the fatty acids derived from both medium-chain precursors.
Analysis of [14C]petroselinic acid following permanganateperiodate oxidation indicated that lauric acid and myristic acid were incorporated as intact moieties. In this regard, radioactivity in petroselinic acid was found not to be randomized as might be expected if the lauric acid and myristic acid had been first P-oxidized and the radioactivity reincorporated into fatty acids. Instead, radiolabel was detected only in the lauric acid product of oxidized petroselinic acid derived from [l-14C]lauric acid and only in the methyl adipic acid product of oxidized petroselinic acid formed from [l-14C]myristic acid (data not shown). Significant amounts of [l-14C]lauric acid and myristic acid were also converted to a hexadecenoic acid (16:l) moiety that was identified as a A6 isomer by argentation TLC analysis and by permanganate-periodate oxidation. Interestingly, this fatty acid comprised approximately 10 to 15% of the elongation products of [l-14C]lauric acid and myristic acid but comprised 52.5% of the I4C-fatty acids resulting from [ 1 -I4C]acetate labeling of coriander endosperm for a similar time period (Cahoon and Ohlrogge, 1994) . The basis for this difference is not known. However, because Cahoon and 0hl.ogge Plant Physiol. Vol. 104, 1994 desaturases, including the stearoyl-COA desaturase (Bloomfield and Bloch, 1960; Holloway et al., 1963) and presumably the stearoyl-ACP desaturase (Cheesebrough and Cho, 1990) , typically introduce double bonds into only one specific position of fatty acid substrates regardless of chain length, it is assumed that the A6 double bond of petroselinic acid and A6-hexadecenoic acid result from the same enzymic reaction. In summary, [l-'4C]long-chain fatty acids ( e g stearic acid, palmitic acid, oleic acid) were incorporated into glycerolipids but were not converted to petroselinic acid in detectable levels by coriander endosperm. This suggests that petroselinic acid is not formed via the desaturation of an acyl moiety esterified to a glycerolipid or COA. In contrast to the metabolic fate of long-chain fatty acids, [l-'4C]medium-chain fatty acids were converted in relatively high levels to petroselinic acid. Because these fatty acids, unlike long-chain fatty acids, presumably enter the acyl-ACP track of de novo fatty acid synthesis, these results suggest the involvement of acyl-ACP-linked reactions in petroselinic acid biosynthesis.
In Vitro Synthesis of Petroselinic Acid from [2-'4C]Malonyl-CoA
To further characterize the biosynthetic origin of petroselinic acid, an in vitro system for the synthesis of this fatty acid was developed using crude homogenates of coriander endosperm and [2-'4C]malonyl-CoA. Included in this assay were a variety of potential fatty acid biosynthetic and desaturation cofactors, including NADPH, NADH, ACP, and catalase. Depending on the experiment, assays were camed out for 7 or 20 min. The major radiolabeled acyl products of both 7-and 20-min reactions were palmitic acid and stearic acid, which typically accounted for 55 to 70% of the radioactivity recovered in fatty acids. In addition, 20 to 35% of the label incorporated into fatty acids was typically associated with petroselinic acid. The remainder of the labeled fatty acid (5-10%) was present as oleic acid, and no radioactivity was detected in dienoic fatty acids or in any hexadecenoic acid (16:l) isomers ( e g A4-or A6-hexadecenoic acid) that might potentially comigrate with oleic acid or petroselinic acid on argentation TLC plates. The identity of ['4C]petroselinic acid was confirmed by the mobility of its methyl ester derivative on argentation and reverse-phase TLC plates and by reversephase TLC analysis of its permanganate-periodate oxidation products. Using the latter method, a nearly proportional distribution of radiolabel was detected between the lauric acid and methyl adipic acid oxidation products, indicating that the ['4C]petroselinic acid formed in the in vitro assay resulted from de novo fatty acid biosynthesis rather than from the elongation of a preformed, nonradioactive fatty acid (data not shown). Finally, the conversion of [2-'4C]malonyl-COA to petroselinic acid appeared to be dependent on the developmental stage of coriander endosperm as well as on maintaining high protein concentrations during tissue homogenization and in the subsequent assays (see "Materials and Methods").
The incorporation of [2-'4C]malonyl-CoA into petroselinic acid was reduced by more than 3-fold when the assay was conducted under 02-limiting conditions (Table 11 ). The apparent dependence of petroselinic acid synthesis on molecular (2740) 15 (1460) 65 (5430) 28 (2340) 7 (620) 85 (9790) 8 (960) 7 (830) a SatFA, Saturated fatty acids. Numbers in parentheses indiate dpni of I4C recovered in each acyl moiety.
O2 is consistent with the known catalytic properties of plant fat,:y acidl desaturases (Jaworski, 1987) . Unexpectedly, the addition of Fd and Fd:NADPH reductase had only a small efflxt on petroselinic acid synthesis from [2-'4C]malonyl-COA. In contrast, the presence of these cofactors in assays resulted in a 2-fold stimulation of oleic acid production.
1' 0 determine the exact form (eg. glycerolipid or ACP estlas) of fatty acids produced in vitro from [2-'4C:]malonyl-COA, reactions were extracted according to the inethod of Bligh and Dyer (1959) . Using this procedure, the radiolabel in the total lipid extract (or chloroform layer) cif in vitro assays after 7 and 20 min was detected primarily as free or unl2sterified fatty acids (Table 111 ). More thán 70% of the raòioactivity in free fatty acids of a 7-min assay was associated with petroselinic acid. Saponification of the aqueousmethanolic upper phase of Bligh and Dyer extracts revealed a riuch different distribution of radiolabeled fatty acids. In thi!; phase, 290% of the radioactivity recovered in acyl moieties of 7-,and 20-min reactions was present in saturated fatty acilds, most likely in the water-soluble form of COA or ACP estlxs. In contrast, petroselinic acid accounted for less than 8 and 4% of the radiolabeled fatty acids recovered in the aqueous-methanolic phase of extracts of 7-and :!O-min react ions, respectively.
I'roducts of in vitro assays were also analyzed using the method of Mancha et al. (1975) as modified by Roiighan and Nhhida (1990) . Using this method, acyl-ACPs are recovered exclusively in an ammonium sulfate pellet obtained after methano1:chloroform precipitation. Analysis of acjl-ACPs of a 7-min reaction in this manner revealed a preponcierance of radioactivity associated with saturated fatty acids (Table IV) . This result was consistent with the radiolabeled fatty acid composition of the aqueous-methanolic phase of Bligh and Dyer extracts. In addition, approximately 15 to 20% of the total [2-14C]malonyl-CoA incorporated into petroselinic acid in a 7-min reaction was present in the putative acyl-ACP fraction. The majority of ['4C]petroselinic acid, however, was recovered in the initial isopropanol saturated-petroleum ether wash, most likely in the form of free fatty acid as indicated by the results of the Bligh and Dyer extraction described above. The relatively low recovery of petroselinic acid as an acyl-ACP ester is consistent with the presence of high levels of petroselinoyl-ACP thioesterase activity in coriander endosperm extracts as reported by Dormann et al. (1994) . This is also consistent with the detection of the majority of radiolabeled petroselinic acid as free fatty acid in these assays.
In Vitro Metabolism of [l-'4C]Acyl-ACPs and -COAS by Coriander Homogenates
The metabolic evidence presented above and previously reported data demonstrating that the double bond of petroselinic acid arises from the activity of a A'-stearoyl-ACP desaturase-like peptide (Cahoon et al., 1992) are consistent with an acyl-ACP route of petroselinic acid biosynthesis. To test this directly, the ability of crude coriander homogenates to convert [ 1 -I4C]saturated acyl-ACPs to petroselinic acid was examined. Because it was known from earlier experiments that coriander endosperm can incorporate exogenous [ 1 -'4C]myristic acid into petroselinic acid, saturated acylACPs of 14 carbon atoms and longer were used as potential substrates. However, under conditions sufficient for petroselinic acid synthesis from [2-'4C]malonyl-CoA and for oleic acid synthesis from [ 1 -'4C]stearoyl-ACP, no conversion of radiolabeled acyl-ACPs (or -COAS) to petroselinic acid was detected (results not shown). Also, in the case of assays camed out with [l-14C]myristoyl-ACP and -palmitoyl-ACP, the addition of unlabeled malonyl-COA resulted in nearly complete elongation of the acyl-ACP substrates to stearic acid; however, no detectable amount of radiolabeled petroselinic acid was formed. Furthermore, the presence of Fd and Fd:NADPH reductase in assays resulted in significant enhancement of oleic acid synthesis but had no apparent influente on petroselinic acid production from [ l-'4C]acyl-ACPs (data not shown).
Analysis of the Fatty Acid Composition of the Long/
Medium-Chain Acyl-ACP Pool of Transgenic Tobacco
To provide further evidence for the involvement of acyl-ACP-associated reactions in the synthesis of petroselinic acid, the long/medium-chain acyl-ACP pools of cell-suspension cultures of tobacco transformed with a cDNA for the coriander 36-kD desaturase (Cahoon et al., 1992) were examined. These cells, which were derived from transgenic callus, produce approximately 4 wt% petroselinic acid and 5 wt% A4-hexadecenoic acid (16:1A4) (neither fatty acid is detectable in control callus). Because tobacco likely does not contain a Reaction products of 7-min assays were analyzed using the extraction method of Mancha et al. (1975) with modifications as described by Roughan and Nishida (1990) . Fatty acids and glycerolipids recovered from the initial 50% (v/v) isopropanol-saturated petroleum ether extract were converted to fatty acid methyl ester derivatives. Results shown were obtained following argentation TLC separation of fatty acid methyl esters and represent data from three independent experiments. (65) 60 (1) 600 (79) 100 (62) 3300 (97) 220 (14) 170 (41) 3870 (96) 160 (19) 80 (35) 5840 (99) 160 (21) 60 (38) a SatFA, Saturated fatty acids. recovered in saturated fatty acids. recovered in petroselinic acid. recovered in oleic acid.
petroselinoyl-ACP-specific thioesterase such as that present in Umbelliferae endosperm (Dormann et al., 1994) , it was expected that petroselinic acid might be more easily detectable in the acyl-ACP pool of these cells than in homogenates of coriander endosperm as described above. The method used in this experiment also provided a more direct means of analyzing acyl-ACPs than that of Mancha et al. (1975) used above in studies of [2-
I4 C]malonyl-CoA metabolism by coriander endosperm homogenates. To enhance the sensitivity of acyl-ACP analyses, wild-type and transgenic tobacco suspension cells were first incubated in [l- 14 C]acetate. Proteins recovered after radiolabeling of tobacco cells and subsequent TCA precipitation were resolved on native polyacrylamide gels containing 1 M urea and blotted to nitrocellulose. Phosphorimaging of the resulting western blots indicated the presence of radiolabel associated primarily with a protein band that comigrated with a tobacco long/medium-chain acyl-ACP standard (Fig. 1A) . Examination of fatty acid methyl esters derived from acyl-ACPs of the transgenic tobacco revealed the presence of a radiolabeled band that comigrated with a methyl petroselinic acid standard on argentation TLC plates (Fig. IB) . The major monounsarurated moiety in these samples, however, was a fatty acid methyl ester identified as methyl A 4 -hexadecenoic acid based on its mobility on argentation and reverse-phase TLC and on the chain lengths of its permanganate-periodate oxidation products (data not shown). Neither methyl petroselinic acid nor A 4 -hexadecenoic acid was present in fatty acid methyl esters prepared from acyl-ACPs of wild-type tobacco cells. Interestingly, at least 60% of the radioactivity found in the long/ medium-chain acyl-ACP pool of transgenic cells was in the form of A 4 -hexadecenoic acid and petroselinic acid despite the fact that these acyl moieties together compose <10 wt% of the total fatty acids of these cells.
In summary, the presence of petroselinic acid in the acyl-ACP pool of transgenic tobacco cells provides direct evidence that the synthesis of this fatty acid involves acyl-ACP-associated reactions. In addition, because tobacco cultures expressing the 36-kD desaturase contain A 4 -hexadecenoic acid in their long/medium-chain acyl-ACP pool, it is unlikely that this fatty acid is a partial /3-oxidation product of petroselinic acid. As discussed below, a more likely explanation is that A 4 -hexadecenoyl-ACP is the direct precursor of petroselinic acid.
Metabolism of [U-
C]Nonanoic Acid by Coriander Endosperm Slices
We have previously reported (Cahoon et al., 1992 ) that the expression of a cDNA for the 36-kD desaturase of coriander endosperm in tobacco resulted in the production of petroselinic acid as well as A 4 -hexadecenoic acid in transgenic callus. The occurrence of both of these fatty acids in transgenic tobacco can be interpreted in two ways. First, the 36-kD desaturase may position the double bonds with respect to the methyl end of acyl-ACPs and is therefore functionally an io (or n-12) desaturase. Such an enzyme would be capable of inserting a double bond at the A6 (or w " ) carbon of stearoyl-ACP to form petroselinic acid and at the A4 (or wl') carbon of palmitoyl-ACP to form A4-hexadecenoic acid. Alternatively, the position of carbon atoms from the carboxyl (or A) end of acyl-ACP substrates may dictate where the 36-kD desaturase introduces double bonds. In this regard, it would be unlikely that such an enzyme could possess the dual properties of a A4 and a A6 desaturase. Therefore, the cooccurrence of petroselinic acid and A4-hexadecenoic acid in transgenic tobacco would suggest that petroselinic acid is an elongation product of A4-hexadecenoic acid.
To determine whether the 36-kD desaturase positions the double bonds with respect to the carboxyl (A) or methyl ( w ) end of acyl chains, the metabolism of [U-14C]nonanoic acid (9:O) supplied exogenously to slices of coriander endosperm was examined. Based on results of radiolabeling experiments described above using exogenous medium-chain fatty acids, it would be expected that nonanoic acid would be readily elongated by slices of coriander endosperm. In addition, because nonanoic acid contains an odd number of carbon atoms, the mode of double bond positioning by the 36-kD desaturase can be directly assessed. For example, if this enzyme functions as an wl' (or n-12) desaturase, monounsaturated products would possess double bonds at odd-numbered carbon atoms (e.g. 17:1A5 or 19:1A7). Conversely, given that petroselinic acid (18:1A6) is the major fatty acid of coriander endosperm, double bond placement with respect to the carboxyl end of fatty acids would likely result in monounsaturated acyl chains with unsaturation primarily at the A6 position (eg. 17:1A6 or 19:1A6).
As detailed in Table V , the major products of nonanoic acid labeling were 17:1A6 and 19:1A6, which together accounted for nearly 60% of the total elongationldesaturation products. The identities of these radiolabeled molecules was determined by their mobility on argentation and reverse- phase TLC following conversion to methyl esters. In addition, the free fatty acid generated from the permanganate-periodate oxidation of the double bonds of the 17:l and 19:l moieties displayed mobility on reverse-phase TLC plates equivalent to that of Cl1 and CI3 moieties, respectively (data not shown). This result is consistent with the location of the double bond at the A6 position of both the 17:l and 19:l products. Among the other fatty acids formed from [U-"C]-nonanoic acid were [14C]17:0 and 15:1A6.
Overall, the detection of radiolabeled 17:1A6 and 19:1A6 (rather than 17:1A5 or 19:1A7 monounsaturated fatty acids) conclusively demonstrates that the 36-kD desaturase does not function as an wl' desaturase but instead positions double bond insertion from the carboxyl end of acyl chains. In this regard, the 36-kD desaturase of coriander endosperm is similar to the A'-stearoyl-COA desaturase of rat liver (Holloway et al., 1963) and yeast (Bloomfield and Bloch, 1960 ) and the A'-stearoyl-ACP desaturase of soybean (Cheesbrough and Cho, 1990) , which can introduce double bonds at the A' carbon atom of both Cls and c 1 6 substrates.
Synopsis of Metabolic Studies of Petroselinic Acid Synthesis
From the data presented above and from previously reported results (Cahoon et al., 1992) , we propose that petroselinic acid is formed by the A4 desaturation of palmitoyl-ACP followed by elongation of the resulting A4-hexadecenoyl-ACP to petroselinoyl-ACP. The rationale for this conclusion is as follows. Petroselinic acid can be synthesized from [l-14C]myristic acid by slices of coriander endosperm ( Table I ). This would suggest that the A6 double bond of petroselinic acid can arise from a A', A4, or A6 desaturation step at a point between the c 1 4 and CI8 stages of de novo fatty acid synthesis by one of the following pathways: (Table I) . This product cannot result from a A' desaturation step as in pathway a (i.e. A' desaturation of myristoyl-ACP followed by two-carbon elongation would produce A4-hexadecenoyl-ACP rather than A6-hexadecenoyl-ACP). Assuming that the same desaturase is involved in the insertion of the double bond of both petroselinic acid and A6-hexadecenoic acid, pathway a would be an unlikely route of petroselinic acid formation. In addition, transgenic tobacco calli expressing the coriander 36-kD desaturase produce not only petroselinic acid but also A4-hexadecenoic acid (Cahoon et al., 1992) , which, like petroselinic acid, is detectable in the acyl-ACP pool of these cells. A4-Hexadecenoic acid and petroselinic acid, however, likely cannot arise from pathways b and c, respectively. Results of nonanoic acid labeling, for example, demonstrate that the 36-kD desaturase does not function as an wl' desaturase. Such a catalytic property would be necessary for this enzyme to synthesize both A4-hexadecenoic acid and petroselinic acid directly. Furthermore, desaturases typ-Plant Physiol. Vol. 104, 1994 ically introduce double bonds into specific positions of fatty acid substrates regardless of chain length (e.g. Bloomfield and Bloch, 1960; Halloway et al., 1963; Cheesebrough and Cho, 1990; Higashi and Murata, 1993) . As such, it is unlikely that the 36-kD desaturase acts as both a A4-palmitoyl-ACP desaturase (pathway b) and a A6-stearoyl-ACP desaturase (pathway c). More consistent with the double bond-positioning properties of the 36-kD desaturase and the fatty acid and acyl-ACP profile of transgenic tobacco is that a double bond is first introduced at the A4 position of palmitoyl-ACP via the activity of the 36-kD desaturase. Subsequent elongation of 16:1A4-ACP would result in the synthesis of petroselinoyl-ACP. As such, we propose that pathway b as shown above is the most likely route of petroselinic acid formation in Umbelliferae endosperm. The fact that 14C-short-and 14C-medium-chain fatty acids ( e g nonanoic acid, lauric acid, and myristic acid) can be converted to other A6 monounsaturated fatty acids in addition to petroselinic acid when supplied exogenously to coriander endosperm (Tables I and V) suggests that the 36-kD desaturase does not have an absolute specificity for palmitoyl-ACP.
If petroselinic acid is synthesized from A4-hexadecenoyl-ACP, the efficiency of this elongation reaction would appear to be quite different between coriander endosperm and transgenic tobacco calli. In coriander endosperm, for example, the mass ratio of petroselinic acid to A4-hexadecenoic acid in the total lipid extract is on the order of 500:l (72 wt% petroselinic acid:0.1-0.2 wt% A4-hexadecenoic acid) (Cahoon and Ohlrogge, 1994) . This ratio in transgenic tobacco callus, however, is approximately 0.8:1 (4 wt% petroselinic acid:5 wt% A4-hexadecenoic acid) (Cahoon et al., 1992) . This substantial difference might indicate that some component(s) of A4-hexadecenoyl-ACP elongation in coriander endosperm is absent in transgenic tobacco callus. This component may, for example, be a P-keto-acyl-ACP synthase that is specialized for the metabolism of A4-hexadecenoyl-ACP. Whatever its nature, the enzyme(s) involved in A4-hexadecenoyl-ACP elongation in Umbelliferae endosperm is likely to be an essential factor for achieving high levels of petroselinic acid production in transgenic plants.
Finally, a puzzling aspect of this study has been the inability to detect in vitro synthesis of petroselinic acid by crude homogenates of coriander endosperm using radiolabeled acyl-ACP substrates. This result is somewhat surprising given the high degree of structural similarity between the 36-kD desaturase and the A'-stearoyl-ACP desaturase (Cahoon et al., 1992) . Activity of the latter enzyme can be readily detected in extracts of most plant tissues, including coriander endosperm (as described above), using radiolabeled stearoyl-ACP in the presence of added NADPH, Fd, and Fd:NADPH reductase. It cannot be ruled out that the acyl-ACP desaturase assay used in our studies lacked an essential cofactor(s). For example, Fd may not be the preferred electron donor for the 36-kD desaturase. However, this is not consistent with the plastid localization of this enzyme and its structural similarity to the A'-stearoyl-ACP desaturase (i.e. the in vitro activities of a11 plastid desaturases characterized to date, including the A9-stearoyl-ACP desaturase, are stimulated by Fd [Jaworski, 1987; Schmidt and Heinz, 19901) . It is also possible that the 36-kD desaturase may be inactive with fatty acids esterified to E. coli ACP. Instead, this enzyme might be capable of using only fatty acid substrates bound to higher plant ACP or, more specifically, to Umbelliferae endosperm ACPs. Howevvr, plant and E. coli ACP typically have similar in vitro activity in studies of plant fatty acid biosynthetic reactions (Guerra et al., 1986) , and the 36-kD desaturase is functional in vivo in tobacco, a "non-Umbelliferae" species. Another possibility is that the 36-kD desaturase operates in close association with one or more fatty acid biosynthetic enzymes. In such a scenario, growing acyl chains may be channeled through aln elongation/desaturation pathway that is inaccessible in vitro to exogenous acyl-ACPs. The existence of metabolic channels or "metabolons" has been proposed for a nu mber otf biosynthetic pathways; however, such mtities are often elusive to biochemical characterization (Srere, 1987) .
CONCLUSIONS
I.
[l-'4C]Stearic acid, palmitic acid, and oleic acid supplied exogenously to coriander endosperm slices were in1:orporated into glycerolipids but not converted to petroselinic acid. This suggests that petroselinic acid is not formed by desaturation reactions involving fatty acids esterified to glycerolipids or COA or, in the case of oleic acid, by reactions involving the shifting of A9 double bonds.
2 . [l-'4C]Lauric acid and myristic acid provicled exogeno usly to coriander endosperm slices were apparently modifieli by acyl-ACP-associated reactions and incorporated into peiToselinic acid in high levels. To a lesser extent, both racliolabels were also converted to A6-hexadecenoJic acid.
3. Crutle homogenates of coriander endospemi were capable of incorporating [2-'4C]malonyl-CoA into petroselinic acid in an 02-dependent manner. The resulting radiolabeled peiroseliriic acid was detected primarily as free fatty acid and in lower levels as putative acyl-ACP esters.
4. Anallysis of transgenic tobacco suspension cells expressing the coriander 36-kD desaturase following [l-'4C]acetate latleling revealed significant amounts of petroselinic acid and A4 .hexadecenoic acid in the long/medium-chain acyl-ACP pool. Neiither fatty acid was detected in the total lipids or acyl-ACPs of wild-type tobacco cultures.
!5. [U-'41C]Nonanoic acid (9:O) supplied exogenously to coriartder endosperm was incorporated into A6 isomcrs of 15:1, 17 1, and 19:1, demonstrating that the 36-kD desaturase positions double bonds relative to the carboxyl tmninus of fatty acid substrates.
15. Considered in total, the metabolic data repoited in this coinmunication are most consistent with a biosynthetic pathwzy of petroselinic acid involving the A4 desaíuration of pa Imitoyll-ACP followed by two-carbon elongation of the res ulting A4-hexadecenoyl-ACP. Relative to corialider endosperm, elongation of A4-hexadecenoyl-ACP appears to be a linuting reaction in the synthesis of petroselinic acid by transgenic tobacco. 
